The high performance Hf doped ZnO (Hf-ZnO) flexible thin film transistors (TFTs) were fabricated using Ag NWs as gate electrode and high-k HfO 2 as dielectric. The field effect mobility of Hf-ZnO is 14.7 cm 2 /Vs, I on /I off ratio is more than 10 6 , and the subthreshold swing is about 0.26 V/dec. Furthermore, after 5000 bending cycles test, the TFTs with Ag NWs still maintain a superior performance, such as the high mobility of 12.6 cm 2 /Vs and the small subthreshold swing of 0.33 V/dec. The operating voltage of Hf-ZnO is only 5 V, showing the great potential of application in low-powered devices. We also fabricated the resistor-loaded inverter based on the flexible TFTs. The shift of input voltage is negligible with different supplied voltages, indicating the highly-stable property of the inverter. As a result, the low consumption optoelectronics provide great inspiration for researchers to construct the next generation high performance wearable and flexible devices.
I. INTRODUCTION
To date, many studies have focused on the semiconductor materials for flexible substrate due to the market need for flexible displays. Transparent conducting electrodes have attracted considerable attention due to their low resistance and high transparency in the visible ranges [1] - [3] . Efforts ought to be made to ensure the stable performance of photonic devices working in complex environment. The indium tin oxide (ITO) is widely investigated as electrodes due to the high transparency and conductivity [4] , [5] . However, many drawbacks, including high-temperature processing, high cost of preparation in the vacuum system, brittleness, and sensitivity towards strain, limit its applications in flexible devices [6] , [7] . In addition, ITO can be easily affected by oxygen and water molecules in environment [8] .
In the meantime, various materials have been studied for transparent electrodes to replace ITO electrode, such as silver nanowires (Ag NWs), [9] , [10] carbon nanotubes (CNTs), [11] and graphene [12] . In particular, Ag NWs have attracted attention as potential candidates due to their favorable flexibility and superior conductivity [13] , [14] . Also, the Ag NWs electrode can be fabricated by a low-cost and simple solution process. For example, the Kim and co-workers studied the Ag NW which can be used as the electrode in semiconductor oxide field effect transistors (FETs). But the off current of FETs is very high due to the high-carries concentration [3] . The operating voltage of FETs is more than 30 V. Thus, it is of great significance to explore the low-powered operating flexible devices.
In this work, we fabricated the Hf doped ZnO (Hf-ZnO) flexible TFTs by ALD method with the Ag NWs as the gate electrode. We systematically studied the structure, morphology, and resistance of Ag NWs. The Hf-ZnO presented the high field effect mobility of 14.7 cm 2 /Vs and the large I on /I off ratio of more than 10 6 . Compared with TFTs with ITO electrode, the Hf-ZnO TFTs with Ag NWs electrode after 5000 bending test cycles still achieved ideal mechanical property and superior electrical performance. What's more, the operating voltage of Hf-ZnO TFT is only 5 V. It has great meaningfulness for application in low-powered electronics. We also further explore the complex logic circuits, resistor-loaded inverter. The performance of inverter was discussed in details. As a result, the low consumption devices exhibit significant potential of applications in next-generation electronics.
II. EXPERIMENTS
Before coated, the 20 nm ALD-Al 2 O 3 was grown on the polyimide (PI) at 100 • C as the buffer layer of TFT devices. The buffer layer has two functions: (1) to decrease the rootmean-squared (RMS) and improve the surface quality of substrate; and (2) to reduce the water vapor transmission rate (WVTR) of substrate [15] - [17] . The Ag NWs dispersed in isopropyl alcohol (IPA), whose diameter is about 30 nm and length is about 100 μm. The Ag NWs solution was spin coated on PI substrate at 1800 rpm for 25 s. Then, the substrate was annealed at 150 • C for 10 minutes. Subsequently, the 50 nm-HfO 2 dielectric was deposited at 200 • C by ALD. Subsequently, the Hf doped ZnO thin film was grown on the dielectric as an active layer of TFTs at 200 • C. Finally, Al films deposited by thermal evaporation were used for source/drain electrode of TFTs. The TFTs were fabricated on 3 × 4 cm substrate (4 × 5 array). The ZnO TFT was also fabricated at 200 • C for comparison. To explore the logic circuits, the resistor loaded inverter was also fabricated.
The field-effect mobility (μ) and SS were extracted by the following equations:
where W and L are the channel width and length, respectively. C i is the capacitance per unit area of the insulator; V th is threshold voltage; V G is gate voltage [18] , [19] . The sheet resistance was measured by Keithley 8400. The electrical properties of TFTs were measured by Keithley 4200. The crystal structure and composition were characterized by X-ray diffraction (XRD, Rigaku D/max-rB) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+). The cyclic bending was carried out using Visionox FR190, and the bending radius is 5 mm.
III. RESULTS AND DISCUSSION
The sheet resistance is a critical parameter for electrodes. As shown in Figure 1(a) , the I-V characteristics of ITO show perfect linear behavior, suggesting the excellent Ohmic contact in Ag NWs. The ITO displays a small sheet resistance of about 13 ohm/sq. Also, the Ag NWs exhibit a resistance of 23 ohm/sq., which is comparable to that of metal oxide ceramic electrodes. It means that Ag NWs have great potential of applications in low-resistance transparent conducting electrodes [4] , [20] , [21] . Figure 1(b) shows the SEM image of Ag NWs. The fibers were connected with each other, resulting in low resistance and superior mechanical property.
In order to investigate the flexibility of thin films, the ITO/PI and Ag NWs/PI were tested with a bending radius of 5 mm, as shown in Figure 2 . The bending schematic is shown in the inset of the figure. The sheet resistance of ITO increases by nearly 300 times (R/R 0 ) after 5000 bending cycles due to the brittle ceramic of ITO, while that of the Ag NWs increases by only 5% from 23 to 24.5 ohm/sq. after 5000 bending cycles. These results demonstrate that Ag NWs are good choose to prepare flexible devices using as an electrode.
Before fabrication of TFTs devices, the HfO 2 dielectric layer was explored. Figure 3(a) shows the leakage current of dielectric. The HfO 2 dielectric exhibits a low leakage current density of about 10 −7 A/cm 2 at 2 MV/cm and a high breakdown field of 4 MV/cm. A high areal capacitance of 410 nF/cm 2 is observed in Figure 3 (b). At 10000 Hz, there is no obvious change in capacitance, indicating denser M-O bonding formation and lower defect densities, such as hydroxyl group, in the thin film [22] .
The active layer of TFTs was prepared by ALD. The detailed process of Hf-ZnO thin films is shown in Figure 4 Figure 4(b) shows the XRD patterns of Hf-ZnO thin films with wurtzite structure [22] . The space group is P63mc. No secondary phases diffraction peaks were observed in this pattern, suggesting a small amount of Hf doping can't change the phase of ZnO. However, the full width at half-maximum of the (103) and (112) diffraction peaks increases along with Hf doping [ Figure 4 (c)], confirming the poor crystallization of Hf-ZnO thin film. We also calculated the grain size of thin films by Scherrer formula, as shown in Figure 4(d) [23] . The average grain size for ZnO and Hf-ZnO is 32.4 ± 2.7, and 30.1 ± 2.4, respectively. This is because the smaller-radius of Hf 4+ (0.71 Å) replaces the Zn 2+ (1.2 Å) lattice site as substitutional dopant [24] .
To further investigate the chemical bonding states of thin film, the relationship between oxygen and metal bonding was performed by XPS spectra. All spectra were calibrated by C 1s (284.5 eV). There are two obvious peaks in Hf 4f narrow scans [ Figure 5 (a)], indicating the existence of Hf element in Hf-ZnO thin film. The O 1s narrow scans could be fitted by Gaussian-Lorenz formula. The peak centered frequency at 530.2 eV is related to oxide metal lattice (O-M). The 531.9 eV peak is attributed to oxygen vacancy (O-deficiency), whereas the peak at 532.1 eV could be explained by the adsorbed oxygen (O-H) [25] . The relative area of all peaks is compared in Figure 5(c) . The O-M bonds slightly increases as the Hf was doped into ZnO. The O-deficiency of Hf-ZnO is smaller than that of ZnO. Oxygen deficiency leads to higher carrier concentration, which moves the Fermi level upwards [17] , [26] . The relative area of O-H for all thin films is very small, implying the ALD processed thin films have a high density [27] .
To study the electrical properties of Hf-ZnO and Ag NWs electrode, the TFTs were fabricated. The schematics are shown in Figure 6(a) . As a comparison, the TFTs with ITO electrode were also fabricated. Figure 6(b) shows the transfer characteristics of TFTs with different electrodes. The ups and downs of off current in off-state can be attributed to the noise, especially when off-current is very low. The related electric parameters are shown in Table 1 . Device with the pure ZnO as channel layer grown at 200 • C exhibits a very small I on /I off current due to the high carrier concentration [16] . The ZnO TFT with Ag NWs electrode shows comparatively excellent electrical performance, such as a very high μ of 14.7 cm 2 /Vs, a small V th of 0.84 V, and a large I on /I off ratio of more than 10 6 , indicating that the Ag NWs are the suitable material as transparent electrodes. Figure 6(c) shows V th under bias stress is due to charge trapping at the gate dielectric near the interface [28] . The excellent performance demonstrates that high-quality Ag NWs can be used as the transparent electrode in flexible electrical devices.
To study the stability of TFTs devices under mechanical stress, Hf-ZnO TFTs with different gate electrodes were tested under repetitive bending, as shown in Figure 7 . The V th shifts toward the negative direction, meanwhile the mobility decreases as the bending cycles increase. After the bending test, more electrons accumulate to the antibonding state, leading to the increase in electron concentration in the channel layer, resulting in the negative shift of V th [29] . Also, the electrodes defects caused by mechanical deformation is another influence on deterioration of performance. The formation of microcracks and structural defects of electrodes would degrade the performance of TFTs. After 5000 bending cycles, the V th , μ, and SS for Hf-ZnO TFT with Ag NWs electrode and ITO electrode are 0.3 ± 0.1 and −2 ± 0.3 V, −1.5 ± 0.4 and −8 ± 0.4 cm 2 /Vs, 0.05 ± 0.01 and 0.12 ± 0.04 V/dec. It indicates the possibility of Ag NWs transparent thin films as the electrode for high-stability TFTs.
To explore the possibility of Hf-ZnO TFT with Ag NWs electrodes applied in more complex logic circuits, the resistor-loaded inverter was fabricated. The value of the resistor is 6 M . The VTCs of the inverter are measured at different supplied voltage (V DD ) from 3 to 6 V, as shown in Figure 8 obtained, as shown in Figure 8 (e). The gain value is shown in Figure 8 (f) as a function of the frequency of the input signal. The cutoff frequency is about 500 Hz. The characteristics of inverter confirm that the Ag NWs electrode possesses the great potential of applications in logic devices.
IV. CONCLUSION
In this work, the high performance Hf-ZnO flexible TFTs were fabricated with low-cost Ag NWs as gate electrode. The TFT devices presented the field effect mobility of 14.7 cm 2 /Vs and the large I on /I off ratio of more than 10 6 . After 5000 bending cycles test, the TFTs with Ag NWs electrode maintain the ideal performance, such as the high mobility of 12.6 cm 2 /Vs and the small subthreshold swing of 0.33 V/dec. We further fabricated the low powered resistorloaded inverter based on the flexible TFTs. The shift of input voltage with different supplied voltage from 3 V to 6 V is negligible, indicating the high-stability of the inverter. We expect our work can be applied in high performance wearable flexible optoelectronics in the future.
